Introduction
Cases of repeated evolution have attracted a large interest in evolutionary biology because they provide a replicated system to test long-standing questions in evolution. One of these questions is to which extent the independent origin of similar phenotypes is governed by shared molecular mechanisms (Steiner et al., 2009; Christin et al., 2010; Martin & Orgogozo, 2013) . In plants, the origin and diversification of flower morphologies (Glover, 2014; Sauquet et al., 2017) and the occurrence of similar flowers in unrelated angiosperm species are striking examples of repeated phenotypic evolution (Thomson & Wilson, 2008; Ng & Smith, 2016) . The genetic basis of these repeated changes is still largely unknown and identifying the mechanisms involved would greatly improve our understanding of the evolutionary success of angiosperms.
The widespread convergence in flower morphologies between angiosperm lineages is mainly explained by pollinator-driven selection that led to concerted evolution of a set of floral traits adapted to specific groups of pollinators (i.e. "pollination syndrome ", Fenster et al., 2004; Rosas-Guerrero et al., 2014) . Our current knowledge of the genetic controls defining the pollination syndromes comes from quantitative genetic studies and experimental approaches on model species like Petunia, Mimulus and Antirrhinum (Stuurman et al., 2004; Galliot et al., 2006; Yuan et al. 2013 ). Outside these model systems, the trait that received most of the attention is the flower coloration. For example, the repeated evolution of red flower in hummingbird pollinated Penstemon, Ipomoeae and Iochroma is associated with concerted changes on gene regulation or on loss of function mutations inactivating specific genes (Des Marais & Rausher, 2010; Smith & Rausher, 2011; Wessinger & Rausher, 2015) . However, the transitions between pollination syndromes involve a much larger suite of phenotypic traits that go beyond the coloration of flowers.
While some of these floral traits may rely on a few genetic changes, others may have more complex genetic architecture. The transitions in pollination syndromes could, therefore, be much more complex than initially thought, and potentially controlled by different genetic solutions (Woźniak & Sicard, 2017) . Serrano-Serrano et al., 2015; Serrano-Serrano et al., 2017a) . The recent development of genomic resources in Gesneriaceae opens new possibilities to further explore the molecular mechanisms related to flower diversification in this lineage of tropical plants (Roberts & Roalson, 2017; Serrano-Serrano et al., 2017b) . Here, we investigate to which extent the genetic basis of the bee and hummingbird floral specialization is primarily governed by shared changes in gene expression. Our results allow us to quantify the extent of convergent responses, and to identify candidate genes and pathways that are associated with the repeated evolution of flower morphological changes underlying pollinator specificity. Table S2 ). Colors correspond to the pollination syndromes (blue= insect, red= hummingbird, green= bat, see Serrano-Serrano et al. 2017b) . Numbers correspond to the species 1= N. albus, 2= N. fritschii, 3= P. tenuiflora, 4= V. calcarata, 5= S. eumorpha, 6= S. magnifica. C) V. calcarata visited by Leucochloris albicolis (photo from . D) S. eumorpha visited by Bombus morio (photo from .
Results
We selected three phylogenetic independent pairs of related species that differ in floral phenotype and functional groups of pollinators (Table S1 ). These six species show two contrasting pollination syndromes: bee-pollinated (Nematanthus albus, Sinningia eumorpha, and Paliavana tenuiflora) and S. magnifica, and Vanhouttea calcarata, see Fig. 1A) . We investigated similarities in their floral morphologies and found that floral traits defining their morphospace (Table S2 ; data from Perret et al., 2007 , Serrano-Serrano et al., 2015  see Methods) showed a clustering of species according to their pollinators ( Fig. 1B) . Flower traits related to these distinct groups of pollinators are mostly associated with floral shape (bell-shape versus tubular corollas), length of the anther/stigma (short versus exerted), and color with mostly whitish versus red, pink or orange corollas ( Fig. 1B and inset) . These results and the phylogenetic independence of the species pairs that we selected demonstrate the convergent nature of the bee and hummingbird pollination syndromes among the sampled species (Fig. 1A) , and across the multiple pollinator switches in the Gesnerioidea subfamily (Serrano-Serrano et al., 2017a) . The selected species are therefore particularly suitable to investigate the genetic bases of the repeated evolution of flower phenotypes associated with pollinators shifts, and thus for the study of adaptive convergent evolution.
De novo transcriptomes assembly, annotation and orthology inference
For each species, we sequenced the RNA extracted from the leaf and floral tissues at three different developmental stages, we assembled de novo the transcriptomes, annotated them and checked their quality (see Material and Methods, SI S1). The transcriptomes obtained for the four species (P. tenuiflora, V. calcarata, N. albus, and N. fritschii) were added to the data of S. eumorpha and S. magnifica from Serrano-Serrano et al. (2017b) . The final number of inferred proteins per species ranged from 136,772 to 171,808 (Table S4 ). Additional information on the quality and annotation of the transcriptomes is provided in Supplementary Information S1.
Orthology inference from the predicted protein of the six species resulted in the identification of a total of 96,429 orthologous groups (OG), with most of them (36,201) not further considered because they are composed of proteins found in a single species ( Figure S3A ). We were interested in investigating changes in gene expression potentially associated with the convergent evolution of pollination syndromes and we therefore focused on OGs composed by species enabling the contrast of the two pollination syndromes. This resulted in a total of 14,059 OGs composed by 3 ("pollination-syndorme-specific OG"), 4 ("four-species OGs"), 5 ("five-species OG") or 6 species ("1-to-1 OG"), which were analyzed for differential expression linked with pollination syndromes (see SI S2 for more information).
Overall comparison of the expression profile of the sequenced libraries
Gene expression for each library and species was quantified by mapping the reads to the corresponding assembled transcriptome, quantifying the number of mapped reads and normalizing these counts (see Material and Methods, SI S3 and S4). A PCA on the normalized expression level of the 7,287 1-to-1 OGs showed that the global expression profiles primarily clustered RNA-seq libraries by tissues (floral vs leaf tissues, PC1= 16.79% variance) and lineages (PC2= 14.02% variance). The next two axes of variation separated the floral developmental stages (small buds, middle buds, adult flower), with PC3 and PC4 axes explaining jointly an additional 19.13% of the variation (see Fig. 2 ).
Although most of the variance in gene expression was explained by tissue, stage and species, a separation driven by the pollination type was also observed in axes PC5 and PC6, which together explained an additional 13.81% of the variance. This result suggests that species with similar pollination syndromes may display similar expression patterns in some of the analyzed genes, but that it is not the major source of variation found in the transcriptome data.
Differential gene expression analysis between pollination syndromes: 1-to-1 OGs
For 1-to-1 OGs, two different approaches were employed to investigate the differentially expressed genes (DEGs) between bee-and hummingbird-pollinated species. First, in the "pairwise" differential expression analysis, we searched for DEGs at each floral developmental stage in each pairs of related species. We then compared the pairwise analyses to investigate whether the DEGs were shared between species-pairs ( Figure 3A -C). Second, in the "global" differential expression analysis, we directly contrasted all bee-pollinated against all hummingbird-pollinated species, thus considering species with the same pollination syndromes as replicates ( Figure 3D ). While both approaches can detect the clearest cases of concerted changes in expression linked with the pollination syndromes, for less obvious cases the two approaches are complementary (see SI S5 and Figure S6 ). Colors determine the number of clusters using k-means. Labels on the libraries indicate the species (i.e. SE, S. eumorpha), the developmental stage (i.e. B1, early bud) and, the replicate number (i.e. R1, replicate 1). Information on the cluster composition is provided in Table S7 . 
Pairwise differential expression
Out of the 7,287 1-to-1 OGs analyzed, 2,374, 1,252 and 1,858 DEGs were found between, respectively, N. albus vs N. fritschii, P. tenuiflora vs V. calcarata and S. eumorpha vs S. magnifica ( Figure 3C ). For all species pairs, around 60% of the DEGs were functionally annotated (see Tables   S8-S10 (Level 2, B) and shared between the three pairs (Level 3: A). Panel D represents results for the contrast performed in the "global" analysis. For all panels, the number of differentially expressed genes between floral phenotypes is displayed in each branch for each comparison. For each comparison, the total number of DEG is reported below the branch in red. The different expectation for the results of the two analyses are reported in SI S5 and Figure S6 . respectively "1" and "-1" categories; Sinningia pair: 933 and 910 DEGs for respectively "1" and "-1" categories; Figure S7 ).
The number of DEGs shared betwee two species-pairs considerably dropped with a total of 280, 185 and 177 DEGs found to be shared between, respectively, the Nematanthus and Sinningia pairs, the Nematanthus and Paliavana-Vanhouttea pairs, and the Sinningia and Paliavana-Vanhouttea pairs ( Figure 3B , Table S11 ). This number further decreased when considering DEGs shared between the three species pairs with only 36 being consistently differentially expressed between all bee-and hummingbird-pollinated species ( Figure 3A , Table 1A , Table S12 ). Around 70% of the 36 DEGs shared between the three species-pairs were functionally annotated (Table   S12 ) and most of these DEGs were found only in the adult flower (12 genes) or were shared between the three developmental stages (13 genes, Figure 3A ).
We investigated whether the overlap of DEG between species-pairs at each developmental stage were only due to random expectation (SI S8). We found that for most of the comparisons, the number of shared DEGs between two species-pairs ( Figure 3B ) and between all species pairs ( Figure 3A ) were higher than expected by chance ( Figure S8 ), which confirms an association between the convergent pollination syndromes and the presence of shared DEGs.
Global differential expression
Out of the 7,287 1-to-1 OGs analyzed, we found 128 DEGs between all bee-and hummingbird-pollinated species ( Figure 3D ). Around 70% of the DEGs were functionally annotated Table 1 : Partial list of differentially expressed genes showing concerted changes in gene expression associated to the pollination syndromes. A: 1-to-1 OG detected differentially expressed and linked with the pollination syndromes in the "pairwise" (P), "global" (G) or both (PG) analysis. B: Pollination-syndrome specific OGs with the expression linked with the two different pollination syndromes. The direction of the expression is reported in the "Direction" column, with Humm and Bee corresponding to higher expression in hummingbird-and bee-pollinated species, respectively. Complete list is available in the SI, Tables S12, S13 and S14 (see complete list in Table S13 ). The highest number of DEGs was found for the adult flower (50 DEGs) and we observed a similar trend as for the pairwise analysis of an increase in the number of DEGs with floral development (35, 62 and 80 DEGs respectively for B1, B2 and FL, Tables S13).
The number of DEGs with higher expression in bee-pollinated species (i.e. 67 genes) was similar to the number of DEGs with higher expression in hummingbird-pollinated species (i.e. 61 genes).
C omparison of the results from "pairwise" and "global" analyses
The number of 1-to-1 OGs with concerted expression changes associated with the pollination syndromes is different depending on the considered analysis (36 DEGs for "pairwise", 128 for "global"). The presence of DEGs specific to the two analyses was expected as the two approaches are complementary (SI S5, Figure S6 ).
A total of 29 DEGs are shared between the two analysis. The shared DEGs show a clear pattern of differential expression linked with the pollination syndromes (see Fig. 4A for examples).
Differences in expression between pollination types were also observed for genes identified with the "pairwise" approach, although there is an absence of absolute difference in expression between bee-and hummingbird-pollinated species ( Figure 4B ). Finally, the expression of DEGs specific to the "global" analysis is shown in Figure 4C , with genes showing lower variation in expression between pollination syndromes (OG2262) and/or high variation within replicates in one or more species-pairs (OG36088, OG20228). These characteristics prevented those genes to be detected as differentially expressed by the "pairwise" analyses, although their expression patterns are associated with the pollination syndromes. 
Differential gene expression analysis between pollination syndromes: pollination-syndromespecific OGs, four-and five-species OGs
We investigated the changes in gene expression potentially associated with the convergent evolution of pollination syndromes by also analyzing whether the expression of the pollinationsyndrome-specific, four-species and five-species OGs was associated with the phenotypes.
Out of a total of 253 OGs specific to bee-pollinated species, 198 were found to be (Normalized Expression) . NA, NF, SE, SM, PT and VC correspond respectively to N. albus, N. fritschi, S. eumorpha, S. magnifica, P. tenuiflora and V. calcarata. R1 and R2 correspond to the two replicates. The developmental stage (B1, B2 or FL) having the represented expression is reported in the title of each graph. Figure 5A ). Similarly, out of the total of 313 OGs specific to hummingbirdpollinated species, 217 were found significantly expressed in the three species while absent in the bee-pollinated species ( Figure 5B ). Out of the 198 bee-pollinated species specific OG and 217 hummingbird-pollinated species specific OGs, 117 and 126 were functionally annotated ( Table 1,   Table S14 ).
We found 6,027 OGs present in four of the six species. Of these, 986 were composed by the three bee-pollinated species plus one hummingbird-pollinated species, while 1,043 were formed by the three hummingbird-pollinated species and one bee-pollinated species. Similarly, out of the 4,209
OGs composed by a total of five species, 2,140 were composed by the three bee-pollinated species plus two hummingbird-pollinated species, while 2,069 were formed by the three hummingbird- pollinated species and two bee-pollinated species. For both categories, we searched for genes with an expression pattern that was associated with the pollination syndromes (see Material and methods, SI S7), but no DEG was detected.
Differential gene expression analysis between pollination syndromes: overall results
In total, we investigated whether the expression of 14,059 OGs was associated with the convergent pollination syndrome phenotypes. When considering all OGs categories and all analyses together, we found a total of 550 genes (415 pollination-syndrome specific OGs, 135 1-to-1 OGs considering both "pairwise" and "global" analysis) with an expression pattern significantly linked with the pollination syndromes. A functional annotation was available for 302 of them.
A protein-protein network reconstructed with STRING resulted in a network having significantly more interaction that expected (minimum required interaction score: 0.9, STRING PPI enrichment p-value: 0.00939; Figure S9 ). This suggests that the detected genes are at least partially connected through biologically relevant functions.
KEGG enrichment analysis resulted in the enrichment of the three wide KEGG pathways: metabolic pathways (ID: ath01100, fdr=2.5x10 -10 ), biosynthesis of secondary metabolites (ID: ath01110, fdr=1.92x10 -06 ) and biosynthesis of amino acids (ID: ath01230, fdr=4.6x10 -04 ). GO enrichment analysis resulted in the enrichment of a total of 171 terms (Table S15 ). Within them, GO linked with cell growth (e.g. GO:0016049, GO:0009826, GO:0048588), pollen tube development (e.g. GO:0048868, GO:0009860), cytoskeleton organization (e.g. GO:0007010, GO:0000226), carbohydrate metabolic process (e.g. GO:0016052, GO:1901137, GO:0016051) and amino acid metabolic process (e.g. GO:0006520, GO:0008652) were present.
Discussion
The mechanisms underlying the repeated evolution of similar phenotypes can involve modifications in homologous genes or in distinct enzymes and pathways (Christin et al., 2010) .
These differences may reflect the complexity of a phenotype or the level of genetic and molecular Before considering the molecular similarities underlying the flower pollination syndromes, we discuss the global expression patterns. The overall characterization of the gene expression in the six species indicates that the expression profiles are similar between all of them, and the major distinctness between libraries occurs between tissues followed by stages of development ( Fig. 2A-B ). This differentiation in transcriptional programs has been shown in comparisons within and between species (Wellmer et al., 2006; Pazhamala et al., 2017) , suggesting a deep conservation of gene expression patterns within tissues and developmental stages even at large evolutionary scales (Brawand et al., 2011) . When investigating the genetic elements that were repeatedly recruited in similar phenotypes, we found that 3.9% (550 out of the 14,059) of the genes analyzed showed changes in expression associated with the pollination syndromes in at least one floral developmental stage.
Function of genes showing convergent changes in expression between pollination syndromes
Some of these genes are likely to control floral traits associated with pollinator switches between hummingbird and insects.
The gene ontology (GO) enrichment analysis performed on the DEGs resulted in an enrichment of GO categories linked with cell growth and cytoskeleton organization. Although these terms are overall broad, they potentially include genes involved in the build up of the convergent floral shape and symmetry in the two pollination syndromes. Similarly, an enrichment in GO categories linked with the development and growth of pollen tube was also observed for the genes with parallel differential expression. This suggest the presence of genes involved in the differential elongation of pollen tube in the two different pollination syndromes (Fig. 1A) .
The presence of GO enrichment terms such as developmental growth and morphogenesis suggest that, for some complex traits (such as the floral shape and symmetry), several genes with convergent differential expression may be required to acquire the convergent phenotype. The absence of enrichment for other interesting GO terms could be associated with simple traits that necessitate only one or few genes with a convergent differential expression to switch to the other phenotype.
Below, we discuss the functions of some candidate genes that may be involved in the convergent switches between pollination syndromes and could be associated with the different floral traits observed in each species pair.
Floral color
One of the traits that has been the most widely studied in pollination syndromes and for which the molecular basis of natural variation is starting to emerge is the floral color (Sheehan et al., 2012) . Although some variation in the coloration exists, the species selected in this study clearly displayed a switch in the floral color depending on the pollinator type, with essentially white flowers for bee-pollinated species, and reddish flowers in hummingbird-pollinated species (Fig. 1) .
Anthocyanins, a class of flavonoid, are the predominant floral pigment in angiosperms (Winkel-Shirley, 2001 ) and variation in either the coding sequence or the expression of enzymes of the flavonoid biosynthetic pathway are associated with change in floral color and switches in plant pollinators (reviewed in Sheehan et al., 2012) .
We found three DEGs between bee-and hummingbird-pollinated species having known functions related to the production of anthocyanins. The first is OG11385, which was annotated as flavonoid 3'-monoxygenase (F3'H or F3PH) and is responsible for converting dihydrokaempferol into dihydroquercetin during the biosynthesis of anthocyanins. An increased expression of this gene potentially deviates the metabolic pathway towards non-red anthocyanins ( Fig. 1 in Rausher, 2008) and other flavanones by substrate competition (Sharma et al., 2012; Yuan et al., 2016) . In our species, the F3'H showed a significantly decrease expression in hummingbird-pollinated species (Fig. 4) . A lower expression of F3'H in hummingbird-pollinated flowers compared with beepollinated has been previously reported for Ipomoea and Iochroma species (Des Marais et al., 2010; Smith et al., 2013) , and it was usually associated with an inactivation (i.e. sequence degeneration and pseudogenization) of F3'5'H as a way to block permanently the access to non-red anthocyanins.
This mechanism seems to underlie the evolution of red-flowers in Penstemon species, and it may constraint the evolutionary reversals of red flowers in that lineage (Wessinger & Rausher, 2014) .
Although the degenerative scenario for F3'5'H gene is unlikely in the Gesneriaceae because of the many reversals to bee-pollination (Serrano-Serrano et al., 2017a), the concerted decrease in F3'H expression in hummingbird-pollinated species may still be associated with the decrease in non-red anthocyanins and thus the maintenance of reddish flowers observed in these species. The presence of F3'H expression in bee-pollinated species despite the overall whitish color of the flowers may be explained by the presence of localized purple pigmentation (Fig. 1) .
Another gene involved in the anthocyanin pathway found to be differentially expressed between bee-and hummingbird-pollinated species was the OG32286, which was annotated as the chalcone-flavonone isomerase (CHI). This enzyme is involved in the flavonoid biosynthesis, upstream from the anthocyanin biosynthesis pathway ( Fig. 1 in Rausher, 2008) . Suppression of CHI in transgenic tobacco plants resulted in flavonoid components and transition of floral color from red-purple to whitish (Nishihara et al., 2005) . We detected the expression of CHI only in hummingbird-pollinated species. In bee-pollinated species this gene was either not expressed or expressed at very low levels, potentially leading to the overall white color of flower in beepollinated species (Fig. 1) .
Finally, the last gene found to be differentially expressed between bee-and hummigbirdpollinated species was the OG36088, which was annotated as the transcription factor JUNGBRUNNEN 1 (JUB1). This gene showed a significantly increased expression in beepollinated species. It has been previously observed in Arabidopsis thaliana overexpressing JUB1 that the expression of important enzymes of the anthocyanin pathway was significantly downregulated (Wu et al., 2012) . Taken together, these results suggests that the convergent evolution of floral color in Gesneriaceae is potentially due to the convergent changes in expression of genes from the flavonoid biosynthetic pathway.
Nectar composition
Nectar plays a key role in plant reproduction as it reward pollinators (Proctor et al., 1996) .
Nectar is mainly composed by three sugars: the disaccharide sucrose and the hexose monosaccharides fructose and glucose (Percival, 1965) . The ratio of sucrose over fructose and glucose (i.e. nectar sugar composition) has often been linked with different classes of pollinators.
For instance, flowers pollinated by hummingbirds, butterfly, moths and long-tongues bees show a sucrose-rich nectar, while hexose-rich nectar has been found in flowers pollinated by short-tong bees and flies (Baker & Backer, 1983 , 1990 Freeman et al., 1984; Lammers & Freeman, 1986; Elisens and Freeman, 1988; Stiles & Freeman, 1993; Backer et al., 1998; Dupont et al., 2004) . In the Sinningia tribe, the sucrose was shown to be the dominant constituent in the nectar of both hummingbird-and bee-pollinated flowers, with however a trend for higher sucrose/hexose ratios in hummingbird-pollinates species (Perret et al., 2001) .
A gene related to sucrose was found differentially expressed between the pollination syndromes and may be potentially linked with differences in sucrose composition in flowers. This gene was the Sucrose synthase 6 (SUS6, OG16521), an enzyme which cleaves sucrose, resulting in the production of glucose and fructose. This gene was more highly expressed in bee-pollinated species, which correlates with the reduced sucrose/hexose ratio trend observed in Perret et al. (2001) . A similar expression pattern of this gene was observed in the nectaries of Arabidopsis thaliana ecotypes, where a low sucrose to hexose ratio was linked to increased expression of sucrose synthases (Fallahi et al., 2008) . An increased activity of the sucrose synthase may thus reduce the accumulation of sucrose in the nectaries, resulting in a higher hexose concentration (Fallahi et al., 2008) .
Floral scent
Floral scent is obtained by the combination of different volatiles mostly belonging to fatty acid derivatives, terpenoids, or benzenoids (Sheehan et al., 2012) . The number and concentration of compounds provide species-specific olfactory cues, and different pollinator animals (such as bats, bees and hummingbird) are able to sense floral scent and disentangle among odor differences (von Helversen et al., 2000; Wright et al., 2002; Kessler et al., 2008; Knudsen et al., 2004) . Differences in the production of volatiles compounds is therefore expected when comparing bee-and hummingbird-pollinated species.
The gene OG15474 (Phenylalanine N-monooxygenase, CYP79A2) showed an increased expression in the flowers from bee-pollinated species. This protein converts the L-phenylalanine to phenylacetaldoxime, a precursor of benzylglucosinolate (Wittstock & Halkier, 2000) , and was found to be a candidate scent gene in Brassica rapa (Cai et al., 2016) . Another gene, the OG66797 was found to be expressed in hummingbird-pollinated species and was annotated as 5- enolpyruvylshikimate-3-phosphate synthase (EPSPS). This protein is part of the Shikimate pathway and is producing the precursors necessary for the production of volatile compounds in scented Petunia (Sheehan et al., 2012) .
Floral size, shape and symmetry
Other traits associated with convergence depending on the pollinator type are the floral shape and symmetry. Indeed, bee-pollinated species have bell-shaped corollas, while hummingbirdpollinated species show tubular morphologies (Fig. 1A) .
Genes found differentially expressed between pollination syndromes includes both genes with functions linked to cell elongation and cell shape. For instance, the OG6709 was annotated as Delta(24)-sterol reductase (or Diminuto). This protein plays a critical role in the process of plant cell elongation (Takahashi et al., 1995; Schultz et al., 2001) . Similarly, the OG26685 was annotated as Expansin-A15 (EXP15), a protein that causes loosening and extension of plant cell walls (Zenoni et al., 2011) . Two other genes showed functions associated with cell expansion and cell polarity:
CLASP (CLIP-associated protein, OG39171; Kirik et al., 2007) and WVD2 (Protein WAVE-DAMPENED 2, OG35292; Yuen et al., 2003) . All these genes were more highly expressed in hummingbird-pollinated species compared to bee-pollinated species, suggesting a potential role in the cell elongation of hummingbird-pollinated flowers, which could lead to the tubular morphology.
Lineage-specific expression linked with different pollination syndromes
In this study, we found around 4% of the genes that show parallel changes in expression associated with the convergent acquisition of pollination-syndrome. Our results suggest that the convergent evolution of genes expression is involved in the build-up of the specific pollination syndromes. However, this does exclude the presence of lineage-specific responses. Indeed, some genes associated with pollination syndromes in other organisms were found differentially expressed in only some of the species pairs. Examples are the dihydroflavonol-4-reductase (DFR), chorismate mutase 1 (CM1), RADIALIS (RAD) and bidirectional sugar transported SWEET9 (SWEET9) genes, literature (Perret et al., 2007; Serrano-Serrano et al., 2015, Table S2 ). Floral morphospace was visualized using a Principal Component Analysis (PCA) as implemented in the R function prcomp (R Core Team, 2017).
Transcriptomic data was already available for two of the selected species (S. eumorpha and S. magnifica; Serrano-Serrano et al., 2017b) . For the other species, the sample collection, RNA extraction, library construction and sequencing was performed as in Serrano-Serrano et al. (2017b;  see also SI S1).
Transcriptomes assembly and orthology inference
The transcriptome assembly, annotation and quality assessment for each species were performed as described in Serrano-Serrano et al. (2017b;  see also SI S1). Orthologous groups (OGs) between the six species were inferred with OrthoMCL (v.2.0.9; Li et al., 2003) , using the predicted proteins as input. OGs were classified according to the number of species and number of sequences composing them (Table S5 , Figure S3 ). We were here interested in investigating changes in gene expression potentially associated with the convergent evolution of pollination syndromes. Our analyses thus mainly focused on OGs including sets of species that enabled us to contrast the two pollination syndromes. This requirement was met by OGs composed of at least the three species with the same pollination syndromes, resulting in the analysis for differential expression linked with pollination syndromes of 14,059 OGs. These OGs were composed by 3 ("pollination-syndormespecific OGs"), 4 ("four-species OGs"), 5 ("five-species OG") or 6 species (1-to-1 OG). For all categories, only OGs with a single expressed copy per species were considered. Additional information on the selection of OGs is available in SI S2.
Raw and normalized gene expression, and overall comparison of the expression profile of the sequenced libraries
The raw expression of each gene in each tissue and species was obtained as described in SI S3. Briefly, we mapped RNA-Seq reads of each library to the assembled transcriptome of the corresponding species with Bowtie (Langmead et al., 2009) . We estimated the raw expression of genes in each tissue and species with the align_and_estimate_abundance.pl script (Trinity tools, Haas et al., 2013; RSEM quantification metho, Li & Dewey, 2011) .
Gene expression normalization was performed to account for differences in sequencing depth and in gene length within libraries and between species, and to correct for mean-variance dependency (Zwiener et al., 2014) . The rpkm and calcNormFactors functions were used (edgeR package; Robinson et al., 2010) to account for differences in gene length and sequencing depth, respectively. The voom function in the limma R package (Ritchie et al., 2015, normalization method: cyclic-loess) was used to calculate the variance weights and to transform the normalized expression data ready for linear modeling. We accounted for replicated samples within conditions, batch effect and phylogenetic relationships by using an appropriate design matrix. Additional information is available in SI S4.
To investigate the overall quality and differentiation between RNA-Seq libraries, we considered the normalized gene expression matrix for 1-to-1 OGs and we compared the overall expression profile of floral and leaf tissues in the different species based on PCA and k-mean clustering as implemented in the factoextra R package (Kassambara & Mundt, 2015) .
Differential gene expression analysis between pollination syndromes
For 1-to-1 OGs, two different approaches were employed to investigate the genes differentially expressed between bee-and hummingbird-pollinated species. The first (i.e. "pairwise" differential expression analysis) consisted in first comparing the expression within the three pairs of related species differing in their pollination syndromes, and then investigating the overlap of the DEGs between the three species pairs. In the second approach (i.e. "global" differential expression analysis), we directly contrasted all bee-pollinated species against all hummingbird-pollinated species while accounting for phylogenetic relationship, thus considering species with the same pollination syndromes as replicates. While both approaches can detect the clearest cases of concerted changes in expression linked with the pollination syndromes (such as in Figure S6A-B) , for less obvious cases the two approaches are complementary. For additional information, see SI S5
and Figure S6 .
In the "pairwise" analysis, we first retrieved the normalized expression ready for linear modeling of the 1-to-1 OGs (see above). For each pair of related species, we fitted a gene-wise linear model and contrasted the gene expression of the related species in the different floral developmental stages while accounting for replicated samples within conditions and batch effect.
For this, we used the lmFit, contrasts.fit and eBayes functions in limma R package (Ritchie et al., 2015) . For each floral developmental stage within each pair of species, we identified significantly differentially expressed genes (DEG) with the function decideTests (method: hierarchical, p-value adjust method: fdr). An adjusted p-value threshold of 0.05 and minimum log2-fold change of log2(1.5) was chosen for a gene to be a DEG. The log2-fold change threshold corresponds to a difference in expression of at least 50% between the conditions. We then investigated the overlap of DEGs between species pairs for each floral developmental stages, resulting in DEGs specific to only one species-pairs, DEGs found in two species pairs, and DEGs shared by the three species pairs. DEGs that were found shared between species pairs but showing contrasting expression patterns (such as in Figure S6E ) were not considered. We estimated the random expectation of the overlap of DEG between species pairs by randomly sampling a number of genes equal to those obtained in the pairwise analysis and distributing them in the 1 and -1 categories (where -1 and 1 respectively correspond to higher expression in bee-and hummingbird-pollinated species). We investigated the overlap of the randomly selected genes in each pairs of species. We repeated this 1,000 times to obtain the distribution of expected genes overlap between species pairs for each developmental stage. Additional information is reported in SI S8.
The "global differential expression analysis" was performed similarly to the "pairwise" one.
We fitted the gene-wise model and we contrasted the gene expression of bee-and hummingbird- we identified DEGs with the function decideTests (method: hierarchical, p-value adjust method: fdr). An adjusted -p-value threshold of 0.05 and minimum log2-fold change of log2(2) was required for a gene to be a DEG (see SI S5).
For OGs specifically found only in one of the pollination-syndromes, we tested if the gene expression was significantly higher than zero. For both "bee"-and "hummingbird"-specific OG, we first retrieved the normalized expression and performed one-sample t-test for each gene in each species and developmental stage while correcting for multiple-testing (p.adjust function in R, method fdr, threshold of 0.05). We then kept only genes showing expression significantly different from zero in the three species. Additional information on the approach used is provided in SI S6.
For four-and five-species specific OGs, we investigated whether the expression in all species with the same pollination syndromes was significantly higher than the expression in the species with contrasting phenotypes. For the species with missing expression levels, we assumed that their expression level was zero. We retrieved the normalized expression of the these OGs and for each developmental stage we contrasted the expression of the closely-related species using a two-sample t-test. Multuple testing correction was performed as described above (p.adjust function in R; method fdr, threshold of 0.05). We considered only OGs showing significant and concordant differential expression (i.e. same direction for the difference). Additional information is provided in SI S7.
STRING, Gene Ontology (GO) and KEGG enrichment analysis
We considered all the genes with an expression difference associated with one or the other pollination syndromes and retrieved their annotation based on Arabidopsis thaliana genes IDs. We generated the protein-protein interaction network using STRING (v.11, Szklarczyk et al., 2014) , using the A. thaliana genome as reference background (total of 27,413 distinct protein-coding genes considered as gene "universe"). Functional enrichment analyses (Gene Ontology and KEGGs) were performed within STRING, considering the categories to be enriched when the reported false discovery rate (fdr) was lower than 0.01. GO enrichment analysis was also performed with TopGO R package (classic algorithm, fisher statistic, p-value threshold of 0.05; Alexa & Rahnenfuhrer, 2016), using the whole dataset of tested genes (14,059 OGs) as the gene universe. The results that we obtained were similar to those obtained with the STRING GO enrichment analysis and are not reported. For additional information, see SI S9.
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Colors correspond to the pollination syndromes (blue= insect, red= hummingbird, green= bat, see Serrano-Serrano et al. 2017b) . Numbers correspond to the species 1= N. albus, 2= N. fritschii, 3= P. tenuiflora, 4= V. calcarata, 5= S. eumorpha, 6= S. magnifica. C) V. calcarata visited by (Level 2, B) and shared between the three pairs (Level 3: A). Panel D represents results for the contrast performed in the "global" analysis. For all panels, the number of differentially expressed genes between floral phenotypes is displayed in each branch for each comparison. For each comparison, the total number of DEG is reported below the branch in red.
The different expectation for the results of the two analyses are reported in SI S5 and Figure S6 . and "global" analysis. The expression is shown as the log2(Normalized Expression). NA, NF, SE, SM, PT and VC correspond respectively to N. albus, N. fritschi, S. eumorpha, S. magnifica, P. tenuiflora and V. calcarata. R1 and R2 correspond to the two replicates. The developmental stage (B1, B2 or FL) having the represented expression is reported in the title of each graph. 
